We report the fabrication of large-area phase masks on thin fused-silica substrates that are suitable for shaping multi-terawatt femtosecond laser beams. We apply these phase masks for the generation of intense femtosecond optical vortices. We further quantify distortions of the vortex beam patterns that result from several common types of mask defects.
I. INTRODUCTION
Laser beam shaping is a concept as old as the laser itself and is essential in such diverse applications of the laser as material processing, lithography and biology. Recently, laser beam shaping has been applied to the studies of self-action effects of ultra-intense femtosecond laser pulses in air. Phase and amplitude perturbations across the shaped beam profile act as nucleation sites that determine the placement of intense filaments resulting from selffocusing of the beam [1] . Various complex beam shapes have been applied to filamentation studies in air including fundamental Bessel beams [2] [3] [4] , Airy beams [5] and optical vortices [6, 7] . Propagation dynamics of intense optical vortices in air is particularly interesting. It has been argued that the bottle-like distributions of dilute plasma filaments that are created in air through self-focusing of such beams can act as extended conduits for microwave radiation [8, 9] .
Airy and vortex laser beam patterns investigated in [5, 7] have been produced through the modulation of initially smooth input beam profiles with specially designed transmissive phase masks. Those masks have been made by profiling thin polyamide coatings atop fused silica substrates. They have an estimated damage threshold of the order of 10 mJ/cm 2 , for laser pulses with about 40 fs duration. For the centimeter-scale input laser beam diameter, the above damage threshold corresponds to the maximum pulse energy of the order of 10 mJ. Such pulse energies are adequate for laboratory-scale investigations with the meterscale extent of the generated plasma filaments. For real outdoor applications that require filament lengths of tens to hundreds of meters, the input pulse energy has to be scaled to hundreds of mJ and beyond. In that case polyimide phase masks become inadequate as they are easily damaged by the laser beam on a single laser shot. The application of either purely reflective phase masks or transmissive masks made of an optical material with high damage threshold is necessary.
In this paper, we report the fabrication of phase masks with area of up to 50 mm × 50 mm made on 0.5 mm-thick fused silica substrates. We have experimentally confirmed that these masks withstand an extended exposure to femtosecond laser beams with energy per pulse of up to 230 mJ. We argue that the damage threshold for these masks is, in fact, higher than that and should not be significantly lower than ablation threshold of fused silica, which is of the order of 1 J/cm 2 for femtosecond laser pulses. We apply our phase masks for the generation of intense vortex beams and investigate distortions in the vortex beam patterns that result from several common types of mask defects.
To the best of our knowledge, the highest previously reported peak intensity of a femtosecond optical vortex beam, that has been experimentally generated, is about 200 GW [7] .
We here report the generation of intense femtosecond vortex beams of various orders with the maximum peak intensity of about 4.6 TW. We show that self-focusing of such beams in air results in the generation of meter-long ring patterns of multiple (∼30) plasma filaments.
II. MASK FABRICATION
The fabrication of large-area fused-silica phase masks involves two major steps. In the first step, the desired grayscale phase pattern is lithographically imprinted into a several micron-thick layer of polyimide photoresist atop a fused silica substrate, using a Mask-less In the second fabrication step, illustrated in Figure 1 , the pattern is transferred from the polyimide photoresist to the fused silica substrate via reactive ion etching (RIE). The gas mixture used in the RIE process consists of O 2 , Ar, and CHF 3 gases with flow rates of 2.8 standard cubic centimeters (sccm), 4 sscm, and 34 sscm, respectively. The RF power used in RIE is 300 watts, while the pressure in the etch chamber is maintained at 50 mTorr. No adverse effects such as boiling of photoresist were observed under these etching conditions.
Phase patterns on all masks that we fabricate are defined modulo 2π, meaning that whenever the local phase ramp across the surface of the mask reaches the value of 2π, it is reset to zero. The rates at which RIE removes photoresist and fused silica are somewhat different. This difference in etching rates depends on the formulation of the resist, as well as on the exact composition and flow rates of gases used in RIE. In our particular case, the etching rates for resist and fused silica differed by about 25%. Therefore, in order to achieve the target phase contrast on the final fused-silica mask, the mask on the photoresist had to be made 25% thicker than the target depth of the mask on fused silica.
III. GENERATION OF INTENSE FEMTOSECOND VORTEX LASER BEAMS
The specific beam shapes that we generated using our fused-silica masks are optical vortices of various orders. An optical vortex beam is generated from a flat-top or a Gaussian beam through the application of phase-only beam modulation in the form:
followed by either propagation into far field or focusing the beam with a lens or a curved mirror [10] . In the above formula, Φ is a variable phase that is applied to the transverse intensity distributions that have been numerically computed and therefore are ideal (free of any defects or imperfections), are shown in Figure 2 .
In real life, neither the phase masks nor the input laser beam are ideal. Various phase defects that result from the imperfections inherent to the mask fabrication process, as well as spurious amplitude and phase modulations of the input beam translate into deviations of the generated vortex beam patterns from their ideal unperturbed shapes such as the ones shown in Figure 2 . Specifically, the peak intensity of the non-ideal vortex ring will be not uniform but will undulate along the circumference of the ring and the intensity on the beam axis will be different from zero, as would be the case for an ideal optical vortex.
For ultra-intense vortex laser beams, imperfections of the beam pattern may result in the premature azimuthal collapse of the beam and in its fragmentation into multiple individual filaments that populate the doughnut intensity feature. Such azimuthal mode of collapse may precede the self-similar collapse of the intensity ring, as reported in [7] . The azimuthal fragmentation of the vortex intensity ring is not a necessarily undesirable effect in practice,
as it results in the deterministic placement of intense laser filaments on the ring. In that case, the resulting bottle-like distribution of plasma filaments will not fluctuate from one laser shot to another, which, in fact, may be beneficial in some applications.
In the top part of Figure 3 , we show the intensity patterns of experimentally generated optical vortices of orders 3 and 8. In order to generate these beam shapes, the input laser beam from a Ti:Sapphire laser oscillator was telescoped to the beam diameter of 5 mm, passed through the appropriate phase mask fabricated according to the process described above and focused with a lens with a focal length equal to 1 meter. The laser was attenuated to ensure linear propagation through the phase masks and focusing optics, as well as through the entire optical path in the air. Thus generated vortex beam patterns were photographed in the focal place of the lens with a CCD camera sensitive to 800 nm light, which is the center wavelength of the laser source. The deviations of the beam patterns from ideal vortex beams are evident for both examples shown. Specifically, the on-axis intensity is not identically zero, which is especially evident for the case of the 8 th order vortex. Furthermore, the intensity of the doughnut feature is not uniform along its circumference. The imperfections in the phase masks that may have caused these beam distortions are discussed in detail in the following sections of the paper.
In the bottom part of Figure 3 , we show the ring patterns of multiple plasma filaments 
IV. DISTORTIONS OF VORTEX PATTERNS RESULTING FROM COMMON TYPES OF MASK DEFECTS
In what follows, we will discuss common types of imperfections that occur in the fabrication process of vortex phase masks. Through numerical simulations, we will quantify errors in the vortex beam patterns that result from these imperfections. Our simulations assume linear propagation of the beam and are based on the straightforward numerical calculation of the Fresnel diffraction integral. In all cases shown, the beam incident of the phase mask is assumed to be Gaussian with the 1/e 2 E-field radius of 5 mm, at 800 nm wavelength. Immediately following the mask, the beam is focused by a focusing optic with the focal length of 1 meter.
In practice, the acceptable modulation of the vortex intensity pattern will depend on the particular application of the vortex beam. Our results will set quantitative limits on common-type imperfections of the phase mask, used to generate the beam, at a given maximum acceptable beam distortion.
A. Error in 2π Phase
Step
As we pointed out above, phase patterns on all phase masks that we fabricate are defined modulo 2π. Whenever the phase ramp across the surface of the mask reaches 2π, the phase is reset to zero. Phase modulation imposed on the beam by the mask, at a particular point on the mask, is proportional to the mask thickness at that point and inversely proportional to the beam wavelength. Therefore, if the thickness contrast on the fabricated mask deviates from the target value, the value of the maximum phase modulation by the mask will be different from 2π. The same effect will result if the mask is used to modulate a laser beam having a different wavelength from the one it is designed for.
In Figure 4 (B,C), we show two examples of imperfect vortex beam patterns that result from the deviation of the maximum phase contrast by 5% from the target value of 2π. In the Figure 4 (A), we show the resulting azimuthal modulation of the ring intensity pattern, as a function of the % error in the maximum phase contrast of the phase mask used to generate the beam. The intensity modulation of the ring is defined as the maximum relative peakto-peak variation of intensity along the circumference of the intensity doughnut. As evident from these simulations, the modulation of the ring intensity pattern grows approximately linearly with the % error in the maximum phase contrast of the phase mask. The beam distortion is somewhat higher for larger vortex orders. In addition to the modulation of the ring intensity feature, imperfect higher-order vortices exhibit pronounced on-axis intensity.
B. Effect of Broad Spectrum of Light
The second type of distortion of optical vortex beams that we consider results from the finite optical bandwidth of the incident laser beam. Even a perfectly fabricated mask will be ideal only for one optical wavelength in the spectrum of the laser. In the calculation of the beam distortion in this case, we compute the spatial distribution of the beam fluence (intensity integrated over pulse duration), in the focal plane of the focusing optic.
The result of the calculation is shown in Figure 5 . As evident from the data, the ring modulation for higher-order vortices is, in fact, smaller than that for lower-order vortices.
This trend results from averaging of errors for different spectral components of the beam that becomes more effective as the order of vorticity is increased. We point out that for higher-order vortices, the emergence of significant intensity on the beam axis becomes the dominant type of error for the case of pulsed laser beams with large optical bandwidth.
The typical value of optical bandwidth for amplified Ti:Sapphire laser chains is about 30 nm, in which case the modulation of the vortex ring patterns caused by the finite bandwidth of the laser source is of the order of one percent or lower.
C. Circular Defect
Another type of defect that is common in mask fabrication is a point or circular defect.
The effect of this type of defect on the generated vortex beam pattern will depend on the location and size of the defect. To get an idea about severity of the vortex beam distortion resulting from this type of defect, we assume that the defect is located at a median of the 2π phase ramp on the mask, and its center is one 1/e 2 beam radius away from the center of the mask. We model the defect as uniform zero phase inside a circle of a particular diameter d 0 , as illustrated in Figures 6(B,C) for vortex masks of orders 3 and 8, respectively. The calculation in this case is performed for an otherwise ideal phase mask and for a continuouswave laser beam.
As follows from the results of the calculation, the modulation of the ring intensity pattern grows approximately quadratically with the diameter of the defect, which corresponds to the approximately linear growth with the area of the defect. For the same defect size, beam distortion is more severe for larger vortex orders.
D. Line Defect
The last defect type we consider is the line defect. This defect type will result, for example, from stitching of several independently fabricated phase masks into a single large-area mask.
As in the case of the circular defect, the appearance and severity of beam distortion in this case will depend on the size of the defect and on its location on the mask. To be specific, we assume that the defect is perpendicular to one of the 2π phase-reset lines and is located one 1/e 2 beam radius away from the center of the mask, as illustrated in Figures 7(B,C) , for vortex orders 3 and 8. As in the case of a circular defect, we model line defect as uniform zero phase inside a rectangular area of a particular width d 0 spanning the entire length of the mask.
The results of the calculation for this case are shown in Figure 7 . Intensity modulation of the doughnut intensity feature grows approximately linearly with the width of the line defect, and the effect of this type of defect is more severe for vortices of higher order.
V. CONCLUSION
In conclusion, we have reported experimental results on the fabrication and application of large-area, grayscale phase masks suitable for beam shaping of femtosecond laser systems with multi-Terawatt peak power. We have applied these masks for the generation of intense optical vortices of various orders, with peak power of up to 4.6 TW. The corresponding maximum peak intensity of the laser beam incident on the surface of the masks was 0.65 TW/cm 2 .
The pulse energy of optical vortex beams generated in our experiments is by more than one order of magnitude higher than what was reported previously. The peak intensity of vortex beams in our experiments was sufficient for the generation of meter-long bottle-shaped patterns of multiple plasma filaments in ambient air. Through numerical simulations, we have analyzed distortions of the generated vortex beam patterns that result from common types of mask defects. Our simulation results will be useful for estimations of maximum acceptable mask imperfections for a given level of modulation of vortex beam patterns. 
